In order to design optical metamaterials to surpass the limitation of unnaturally high refractive index in visible range, we propose the nanocylinders nanostructure with hexagonal close-packed arrangement to precisely control the electric and magnetic resonances, resulting in the manipulation of the effective index of metamaterials. By drastically increasing the strong capacitive coupling between nanocylinders and decreasing the diamagnetic effect with core-shell nanostructure, the unnaturally high refractive index of designed metamaterials can be achieved to be 10.5 in visible region. The diamagnetic effect of solid nanocylinders can be significantly suppressed by using the design strategy of hollow nanocylinders with higher order mode resonances, leading to great enhancement of the effective refractive index in broadband visible region. Expanding the refractive index into an unnaturally high positive region in visible range can complete the spectrum of attainable refractive index, and the high refractive index metamaterials can provide more design flexibility for nanophotonics.
I. INTRODUCTION
The artificially engineering metamaterials have been developed to realize the desired materials which are not obtained in naturally materials [1] - [4] . The effective refractive indices in metamaterials can be tunable by critically design of artificial atoms [5] - [7] . It is known that the negative refractive index metamaterials [8] - [11] and near-zero index metamaterials [12] , [13] have been extensively studied in last dozen years. However, the unnaturally high refractive index metamaterials have been sparsely researched, especially, in optical frequency. Expanding the refractive index to an unnaturally high positive region can go beyond the limitation of substances found in nature. The unnaturally high refractive index metamaterials with various artificial atoms will fill up the spectrum of attainable refractive index, and they will provide more flexibility in device design, such as, metamaterial cloaking in transformation optics and slow The associate editor coordinating the review of this manuscript and approving it for publication was Ildiko Peter . light devices. Also, the high refractive index metamaterials have important applications in high resolution imaging [14] and lithography [15] , where the resolution is proportional to the refractive index. It is also important to realize compact optical circuits and small electromagnetic devices by using the ultrahigh refractive index metamaterials.
In order to obtain high refractive index metamaterials, Sievenpiper et al. [16] proposed that a parallel plate capacitor with subwavelength array could enhance the effective permittivity. But, the effective permeability was simultaneously reduced due to the diamagnetic effect, leading to slightly enhancement of the effective refractive index. Interestingly, Wood et al. [17] proposed a close packed array of metallic cubes, which revealed the diamagnetic effect was attributed to the induced current loops in cubes. Shin et al. [18] demonstrated that the diamagnetic effect can be decreased by reducing the volume enclosed by the induced surface currents through structured cubes. By using appropriate structured cube elements, a larger improvement of the effective refractive index of metamaterial can be obtained with increasing VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ the effective permittivity by the capacitative coupling effect and increasing the effective permeability by decreasing the diamagnetic effect. Recently, Choi et al. [19] proposed an ''I''-shaped terahertz (THz) metamaterial with an unnaturally high refractive index by strongly coupled unit cells. Although some achievements on the development of high refractive index metamaterials have been made, most of designed metamaterials focus on high effective refractive index in microwave, terahertz, or far infrared frequency ranges [16] - [25] . Owing to the difficulty of patterning nanoscale metallodielectric structures, there are few reports of optical metamaterials with unnaturally high refractive index in visible regime, hindering further practical applications. Going beyond the limit that is attainable with naturally existing substances and enlarging the possible range of indices in visible regime can lead to much improved performance of existing devices as well as the emergence of novel optical devices. If one can realize metamaterials with a high refractive index for visible wavelengths, it would be natural to expect diverse practical applications, such as superresolution imaging, immersion lenses for lithography, compact optical modulators, and solar energy converters. Also, expanding the refractive index into a high positive regime will complete the spectrum of achievable refractive index and provide more design flexibility for transformation optics. Therefore, it is extremely important to develop metamaterials with ultra-high refractive index in the visible light range. We will demonstrate one kind of metamaterial to realize the effective refractive index as high as possible by using novel nanostructures with higher order resonant modes.
In this paper, a periodic nanostructure metamaterial with unnaturally high refractive index was designed by increasing the effective permittivity and reducing the current loop area to decrease the diamagnetic effect. We propose the cylinder nanostructure to implement this strategy. The obtained high refractive index in the broadband optical domain can be extended into the visible light region, which goes beyond the limitation of naturally achievable materials. By optimizing the geometric parameters, the effective permittivity and the effective permeability can be effectively controlled, leading to the manipulation of the unnaturally high refractive index.
II. PRINCIPLE OF HIGH REFRACTIVE INDEX
According to the effective refractive index n = √ ε r µ r , the index of metamaterials should be determined by the effective permittivity and the effective permeability. In order to maximize the effective refractive index, the effective permittivity (ε = 1 + P/ε 0 E) should be maximized, where P is the polarization and ε 0 is the permittivity in free space. Simultaneously, the effective permeability (µ = 1 + M /H ) should be increased, which can be achieved by the suppression of the diamagnetic effect as far as possible. M indicates magnetization. Generally, the effective permittivity can be increased by using the parallel plate capacitors which can be formed through the opposing faces of nearest neighbor subwavelength elements. When an electromagnetic wave with the electric field vector perpendicular to the parallel plate element is applied, the formed capacitor will generate the accumulation effect of larger charges in gaps. Especially, the dipolar interaction between capacitors can also influence the polarization. Then, these charges in gaps can lead to a substantial dipole moment and the enhanced effective permittivity. But, these capacitors with larger volume show frequently strong diamagnetic response, which results in the decrease of effective permeability. So, the effective refractive index can not be greatly enhanced. Shin et al. [18] demonstrated that the diamagnetic effect resulted from the magnetic moments reduced by surface currents, and the strength of magnetic dipole moment was proportional to the area subtended by the current loops. Also, the diamagnetic response can be accurately controlled by the ratio of skin depth to the thickness of nanostructure [26] , [27] . Therefore, the effective refractive index of metamaterials should be dependent on the different aspects of geometric structure.
Recently, Choi et al. proposed that the effective refractive index of designed metamaterials can be effectively evaluated by a parallel line charge accumulation model [19] . When the gap width g between metallic unit cells is far less than the size of unit cell of metamaterial, g L, the strong coupled region is formed. It is found that the accumulated charges can be expressed by
where ε p is the relative permittivity of the substrate material, and E in indicates the incident electric field. For g≤L as the weakly coupled region, the accumulated charges in gaps can be represented as
Then, the polarization density P can be calculated by
Here, d is the physical thickness of unit cell of metamaterial. The effective permittivity of metamaterials can be evaluated by
In Eq.(4), E = (L/g) β E in , where β is a dimensionless fitting parameter. According to Eq.(1), it can be found that the decreased gap width will lead to the increase of the accumulated charges. Furthermore, the larger dipole moment resulting from the accumulated charges can increase the effective permittivity of metamaterials. Therefore, the empirical asymptotic formula to the effective refractive index can be obtained with the assumption of effective permeability being unity as [19] n ∼ = n p 1 + π αL
(in the weakly coupled regime), n ∝ n p α 1/2 d −1/2 L (2−β)/2 g −(1−β)/2 (in the strongly coupled regime),
where α is another dimensionless fitting parameter. Therefore, an ultrahigh index of refraction of metamaterial can be realized by further decreasing the gap width.
To realize an unnaturally high refractive index, specially, in visible light region, we should carefully design a nanostructure with sub-100nm artificial meta-atoms to control the polarization and magnetization, resulting in the maintenance of strong capacitive response and the suppression of the diamagnetic effect in metamaterials.
III. CYLINDRICAL PERIODIC NANOSTRUCTURE AS THE HIGH INDEX METAMATERIAL
From the principle of high refractive index metamaterials, it is known that the effect of the plate capacitor with changing gap width can be applied to increase the effective refractive index of metamaterials, and the polarization and magnetization can be adjusted by using geometric parameters. Here, we propose a nano-cylindrical structure metamaterial with gold material. Nanocylinders are arranged in the form of two-dimensional hexagonal periodicity. A single layer of gold nanocylinders is embedded in the dielectric material of epoxy (n = 1.48). In Fig.1 , it is assumed that the complex permittivity of the gold cylinder particles used here follows the Drude model. The gold cylinder with height h and radius r is embedded in a base of epoxy resin material with height L, and g is the gap between two adjacent gold cylinders. The period of the structure in the x direction and the y direction is 2 × (r +g/2) and 2 × 1.732 × (r + g/2), respectively.
By using the finite integral method, the optical characteristics of the nanostructure metamaterial can be calculated, especially, in the visible region. All results reported in this paper were numerically calculated by the retrieval of effective parameter with S-parameter extraction method [28] - [32] combined with the numerical simulation of scattering parameters. All numerical simulations including transmission coefficients, reflection coefficients, phases, and eletromagnetic field distributions were performed by using the commercial software Computer Simulation Technology (CST) Microwave Studio [33] . For the design of unit elements, an unit cell boundary condition was employed in an array configuration. For simplicity, the periodic boundary conditions were used for x and y directions. The perfect matched layer (PML), i.e., the open boundary condition, was used in z-direction. In simulations, the adaptive tetrahedral mesh refinement was used to obtain accurate mesh generation, and the grid spacing can be automatically given. This mesh refinement method in CST Microwave Studio has been used to accurately simulate nanoscale optical antennas [34] or graphene layer [35] , [36] with the minimum mesh resolution achieving to 1nm. Thus, the accuracy is high enough to distinguish the nanoscale gap between nanocylinders in our simulations.
Originally, after optimization of structure parameters, we can define that the height of the gold cylinder is h = 50nm, the thickness of the entire substrate is L = 80nm, the radius of the cylindrical unit is r = 25nm. As the metal nanoparticles are inherently capped by 1nm thick organic ligand [37] , [38] , the minimal gap between nanocylinders here was set to be g = 2nm. When the incident light is incident on the nanostructure, the gap between adjacent two cylinders is equivalent to a capacitor, and a large amount of charges converge on the side surface of the nanocylinders. This kind of extreme charge distribution results in the formation of dipoles at the edges of the metal cylinder and an increase of the effective permittivity. The strength of capacitive coupling is dependent on the interface area between adjacent cylinders.
Another key factor to realize ultrahigh refractive index results from the suspression of the diamagnetic effect [20] , [39] - [50] . Magnetically induced anti-resonance is evident, and the shape of the unit cell maybe affects this response. The hexagonal close-packed cylinders can reduce the volume subtended by induced current loops, resulting in the reduction of the current loop density [50] . This kind of arrangement of nanocylinders can efficiently suppress the diamagnetic effect, so that the magnetic permeability maintains a relatively high value in a specific region. Therefore, in order to obtain the high refractive index of metamaterials, the nanostructure should be carefully designed to enhance the effective permittivity and permeability.
IV. RESULTS OF HIGH REFRACTIVE INDEX METAMATERIALS
On basis of S-parameter extraction method [28] - [32] , we firstly extracted the effective permittivity of metamaterial as shown in Fig.2(a) . It can be seen that the effective dielectric constant exhibits a lower frequency fundamental mode and a higher second-order mode in the near-infrared band. The effective dielectric constant at the fundamental mode frequency is as high as 324, and the peak value in the secondorder mode is 76. Accoding to the Mie theory for nanoparticles, the coupling of the incident light with normal modes of nanoparticles strongly depends on the mode number and size parameters [39] . Because higher modes feature the distance between any two adjoining poles in the field patterns that decreases with the mode number, the coupling with higherorder modes is less effective [40] . Thus, the mainly fundamental dipolar normal mode can be excited when the size of nanoparticles is much smaller than the incident wavelength. However, as the size of nanoparticles increases, the contribution of higher-order modes becomes larger and can no longer be ignored. So, the scattering induced by higher order modes with larger nanoparticles play a major role. In other words, the higher order modes become comparable and may dominate the scattering with increasing incidence frequency. In our designed nanocylinders with r = 25nm and h = 50nm, the fundamental resonant mode occurs at the incident wavelength of about 1300nm, and the second-order resonant mode is at about 880nm of incident wavelength as shown in Fig.2(a) .
Magnetic permeability control is another key factor to increase the refractive index. In Fig.2(b) , it can be seen for the effective permeability that there are smaller values at the resonant region, but the higher resonant peaks for the effective permittivity occur at same frequencies in Fig.2 (a). This may be attributed to the diamagnetic effect in infrared range. The occurrence of diamagnetic response causes a decrease in magnetic permeability. At the first order resonant position at the wavelength of about 1300nm, the magnetic permeability is near zero. In Fig.2(b) , the blue arrow at the wavelength of 1300nm shows the fundamental resonant mode, and the blue arrow at the wavelength of about 870nm indicates the second-order resonant mode. It is interesting that at the second order resonance the real part of magnetic permeability can achieve to be 4. The peak of magnetic permeability in visible region can reach to be 12 in more higher order resonance. Thus, our proposed metamaterial nanostructure can enhance the magnetic permeability in higher order resonances, leading to the increase of the effective refractive index in visible region.
The corresponding effective refractive index of metamaterial was calculated in Fig.2(c) . An unnaturally high refractive index in the visible light region (400 to 760 nm) is revealed. The peak of index can reach to be 10.5, which is difficult to achieve in nature material. Although the effective permittivity at 760nm for the second-order resonant mode is lower relative to that of the fundamental mode, the peak of refractive index of the structure is the highest (Re(n) = 10.5) due to the decrease of the diamagnetic effect. It should be noted that there are some sharp resonant peaks of the effective index in visible region, which can be ascribed to higher order magnetic resonances. In Fig.2(d) , the corresponding reflection and transmitance are shown.
In order to reveal the physical nature of the high refractive index, we calculated the electromagnetic field distribution of nanostructure at resonant frequencies. Figure 3(a) shows the top view of the electric field distribution at the fundamental mode resonant frequency of 229THz. The strongly confined electric field is distributed in the gaps between nanocylinders. It can be seen that a larger amount of charges are accumulated at each edge of the faced nanocylinders, leading to the generation of the huge dipole moment in the gaps between nanocylinders. According to the capacitive effect of parallel plate, it should be noted that the direction of confined strongly electric field vector is inverse to that of incident field. The intensity of electric field in the gap at the electric resonance is much stronger than that of incident field, which leads to the enhancement of the effective permittivity. Also, the spatial distribution of the electric field intensity at the fundamental mode is shown in Fig.3(b) . In Fig.3(c) , it is demonstrated that the electric field distribution for the second order mode at the resonant frequency is revealed. The huge dipole moment is generated in the gaps of nanocylinders. The strength of the confined electric field at the second order mode is much stronger than that at the fundamental resonant mode. Such confined electric field at the second order mode can deeply penetrate into the depth of the gaps of nanocylinders. The spatial distribution of the saturated electric field at the electric resonance wavelength for the second order mode is also observed in Fig.3(d) .
Another key factor to improve the effective refractive index of designed metamaterial is to suppress the magnetic diamagnetic effect of nanostructure. We should make the diamagnetic effect as small as possible. As shown in Fig.2(b) , there is the real part of the effective permeability. It can be seen that the magnetic anti-resonances at the fundamental mode and the second order mode are demonstrated, which can be verified by dµ/dλ opposite to dε/dλ. At the dips of the magnetic permeability, there are the indicators of the diamagnetic response. The fundamental mode of the anti-resonance response indicates a significantly diamagnetic effect with the dip of Re(µ) (near to zero) at the wavelength of 1300nm. The diamagnetic response at the second order mode is revealed with Re(µ) = 0.6 at the wavelength of 870nm. In order to confirm this diamagnetic response, the spatial distribution of saturated magnetic field intensity was calculated at the fundamental mode and the second order mode at the resonant frequencies, respectively, as shown in Fig.4 . Figure 4(a) shows the spatial distribution of saturated magnetic field at the fundamental resonant mode of 230THz. The significant diamagnetic response can be confirmed by the suppressed penetration of magnetic field. In Fig.4(b) , the spatial distribution of saturated magnetic field at the second order resonant mode of 345THz is revealed. Compared with the fundamental mode, the increased penetration depth (∼50nm) of magnetic field for the second order mode reveal the suppression of diamagnetic effect. It is interesting that the higher order resonant modes can effectively suppress the diamagnetic response, specially, in visible region.
V. THE INFLUENCE OF MULTIPLE PARAMETERS ON REFRACTIVE INDEX
In order to show the influence of the geometrical parameters of the cylindrical structure on the effective refractive index, VOLUME 7, 2019 we will demonstrate the characteristics of the index with changing the gap g, the height h, the radius r and the shape of the structure element. Figure 5 shows the performance of the effective index with changing the gap g. For the unit cell of metamaterial, other parameters are unchanged with h = 50nm and r = 25nm. As the gap between cylinders increases, the resonant peak of the effective index shifts toward the short wave direction in Fig.5(a) . It is noted that for g = 4nm the second order resonance mode with the peak of high refractive index move to visible region. The value of the sharp peak for more higher order resonant mode is higher than that for the second order mode. The largest value of high refractive index can reach to near 10 in the visible region. For g = 6nm, the resonant peak of high refractive index continue to be of blueshift. But, the peak of index is slightly decreased. The similar variability of the effective permittivity is shown in Fig.5(b) . The value of the effective permittivity at the peak frequencies is significantly reduced. This means that the equivalent parallel plate coupling is weakened, and a large amount of charges escape from the cylinder gap. The electrical response strength is also reduced, and the refractive index is lowered. Figure 6 shows the real part of index with different heights of nanocylinders. Here, the gap between adjacent cylinders is always 2 nm, and the radius of each cylinder is 25 nm. As the height of the Au cylinder increases, the volume of the structure gradually increases, and it becomes difficult for free electrons to penetrate into the dielectric layer. But, the electric resonance is enhanced as the height increases, leading to the improvement of the effective index in the second order mode. As the height h becomes larger, the free electrons trapped between the cell gaps are thus increased, so that the equivalent capacitive coupling is enhanced, causing a stronger electrical resonance. Therefore, to a certain extent, the increase of the height h of the cylinder can increase the refractive index of the structure. Although the diamagnetic response increases, the electric resonance with dipole moment is also enhanced as the height increases, resulting in the improvement of index. Thus, the manipulation of the effective permittivity and permeability is competitive process, and the highest effective refractive index of metamaterials can be obtained by using the optimum structural parameters.
A. EFFECT OF GAP G ON REFRACTIVE INDEX

B. EFFECT OF CYLINDER HEIGHT H ON REFRACTIVE INDEX
C. EFFECT OF CYLINDRICAL RADIUS R ON REFRACTIVE INDEX
Next, the influence of the radius r of the cylinder on the refractive index is analyzed. Here, the height of the cylinder is always 50 nm, and the gap between the cylinders is 2 nm. In Fig.7 , increasing the radius of the cylinder to a certain extent is beneficial to concentrate the charges to the gap to enhance the electrical response. When the radius is too large, the area occupied by the specified gap size within the unit area will reduce the electrical resonance, leading to the decrease of the refractive index. Therefore, a suitable radius r is an important factor in obtaining a higher effective refractive index.
D. EFFECT OF SPECIFIC SHAPE OF NANOSTRUCTURE ON REFRACTIVE INDEX
The above research is based on the hexagonal periodic arrangement of the cylinder to study the refractive index, but the influence of the geometric shape on the refractive index is also critical. Here, we discuss the geometric threedimensional particles as the gold cubes on the effective refractive index in Fig.8 . The length, width and height of the cubes are set to be a = 50nm, the thickness of the entire substrate is L = 80 nm, and the gap between the cubes is 2 nm as shown in Fig.9(a) .
The effective permittivity of cubes was calculated as shown in Fig.8(a) . Compared with the effective permittivity in Fig.2(a) for nanocylinders, the effective permittivity is enhanced for nanocubes at the fundamental mode resonance with the value of more 500. The effective permittivity is also increased slightly for the second order resonant mode. This changed geometrical shape to enhance the effective permittivity can be attributed to the improved capacitive coupling effect between nanoparticles as shown in Fig.9(b) . When the electromagnetic wave is incident on the array of nanocubes, the oppositely different chages are accumulated at the faces of each paired nanoparticles at the resonant frequency of capacitive coupling. This can result in huge dipole moment within the gaps of nancubes. The capacitive coupling between nanocubes can excite the large polarization density, resulting in the enhancement of the effective permittivity. The strength of this capacitive coupling mainly depends on the interfacial area between adjacent nanoparticles. For nanocubes, the area of surface contact with 250nm 2 is advantageous over the nanocylinders with the hook face contact, leading to the increase of the effective permittivity. The accumulated charges at each edge of the faced nanocubes with the capacitive coupling also can be revealed in the spatial distribution of the saturated electric field at the resonant modes as shown in Fig.9 (c) and Fig.9(d) . The strongly confined electric field across the gaps reveals the huge dipole moment. Compared with the distribution of electric field in Fig.3 for nanocylinders, the strength of the confined electric field for nanocubes is stronger than that of nanocylinders, confirming the improvement of the effective permittivity at the resonant modes. Figure 8(b) shows the numerically retrieved real part of permeability for nanocubes. The magnetic anti-resonance is obvious, and the dips of Re(µ) are the indicators of the diamagnetic effect. It is known that the diamagnetic response is mainly determined by the volume subtended by the current loops perpendicular to the incident magnetizing field. Compared with the effective permeability of nanocylinders in Fig.2(b) , the nanocubes lead to a stronger diamagnetic effect, as confirmed by the lowest dip of Re(µ) in Fig.8(b) and the calculated volume of single nanocube subtended by the current loops. The diamagnetic response is further confirmed by the suppressed penetration of magnetic field as shown in Fig.9 (e) and Fig.9(f) . Also, the direct comparison of spatial distribution of the saturated magnetic field for nanocubes with the nanocylinders in Fig.4 allows us to systematically figure out the effect of geometrical shape on the diamagnetic effect. Even if the height of nanoparticles is same, the nanocylinders exhibit much suppressed diamagnetic effect due to less density of the current loops. Figure 8 (c) shows the numerically retrieved real part of refractive index for nanocubes. It can be seen that the refractive index is maximized at the wavelength of electric resonances. The peak index of more than 12 at the wavelength of 1000nm with the second order mode can be achieved. Compared with the effective index for nanocylinders in Fig.2(c) , the obtained peak refractive indexes of nanocubes are obviously redshifted to maximize in infrared region. Also, the higher-order modes of high refractive index are conspicuously absent in visible region.
VI. CORE-SHELL COMBINED CYLINDRICAL METAMATERIAL ON HIGH REFRACTIVE INDEX
On basis of the principle of high refractive index metamaterial, the higher index can be realized by reducing the volume of metallic particles subtended by the current loops. Then, we propose the core-shell cylindrical structure as shown in Fig.10 . The structure introduces some new freedom of parameters to control the effective refractive index of metamaterials. The cylindrical outer radius is defined as R1, the cylindrical inner radius is defined as R2, and the height of cylindrical air core is defined as h . The cylinders are also embedded into the substrate material of epoxy resin with L = 80nm. Figure 11 shows the real part of the effective refractive index as a function of the height of air core. Here, R1=25nm, R2=12.5nm, and g = 2nm. It can be seen that the index can achieve to be about 7.0 in the visible light region when h = 30nm.
It is known that the strength of the magnetic dipole is proportional to the volume subtended by the current loops, and thus the diamagnetic response of the hollow structure is effectively reduced. The significant increase of magnetic permeability leads to an increase of the refractive index, especially, in visible region. The magnetic field strength distribution at 231 THz with h = 30nm is shown in Fig.12 .
Here, R1=25nm, R2=12.5nm, and g = 2nm. It can be seen that the penetration depth is obviously increased compared with that of the solid cylinders nanostructure, leading to the great suppression of diamagnetic effect.
Next, we replace the air core in cylinders by the silicon dioxide (n = 1.54) material with unchanged geometric parameters as shown in Fig.13 . Here, R1=25nm, R2=12.5nm, and g = 2nm. The height of the core is h = 30nm.In Fig.13(a) , the Au cylindrical shell and epoxy matrix are treated with increased transparency to emphasize the silica material. In Fig.13(b) and (c), it is found that the effective index of metamaterial in visible region can be increased by filling the high refractive index material into the core of nanocylinders. Therefore, the core-shell cylindrical metamaterial structure proposed in this paper can achieve high refractive index characteristics in the visible light region, and the peak value of the refractive index reaches to be more than 8.0.
Next, in order to realize the broadband high refractive index performance in the center frequency range of visible light from 450nm to 550nm, we propose the hollow cylindrical nanostructure metamaterial as shown in Fig.14. The hollow cylindrical nanostructure is embedded in epoxy resin. The geometric parameters are unchanged except for the inner radius 12.5nm of cylinders. The extracted refractive index of the hollow cylinders is shown in Fig.15 . It can be seen that the broadband high refractive index can be achieved in visible region, specially, from 450nm to 550nm. The partial enlarged view of the real part of the effective refractive index for hollow cylinders and solid cylinders, respectively, is demonstrated in Fig.15(b) . These results may be attributed to the suppression of diamagnetic effect with the hollow cylinders. The metal volume of the hollow cylinders is smaller than that of the solid cylinders, so that the diamagnetic effect is also smaller, which in turn cause the refractive index to be larger.
In order to further disclose the physical origin of high refractive index for the hollow cylinders nanostructure metamaterial, the effective permittivity, the effective permeability, the electric field distribution, and the magnetic field distribution are respectively demonstrated in Fig.16 and Fig.17 . In Fig.16(a) , the effective permittivity of hollow cylinders is shown, and there is no significant difference of the amplitude of permittivity between the hollow cylinders and the solid cylinders. The obtained high effective permittivity is dependent on the capacitive coupling between nanocylinders at the resonant frequencies. The huge dipole moment with the large charges accumulated at the faces of each paired cylinders can be obtained within the gap of nanoparticles. The strength of the capacitive coupling is mainly dependent on the interfacial area between adjacent nanoparticles. Because the interfacial area between adjacent nanoparticles for the solid cylinders and the hollow cylinders is same, the amplitude of permittivity is similar at the resonant frequencies. Compared with the permittivity of the solid cylinders in Fig.2(a) , the resonant frequencies for the fundamental mode and the second order mode are redshifted. According to the Mie theory for nanoparticles, the resonant frequencies are related with the size of nanoparticles [39] , [40] . In other words, the resonant frequencies will be redshifted with the increased size of nanoparticles. For the hollow cylinders, the cores of cylinders are filled with the dielectric material, which is equivalent to increase the size of nanoparticles. Thus, the spectrum of resonant modes for the hollow cylinders in Fig.16(a) is slightly redshifted compared with that of the solid cylinders.
The extracted permeability for these two kind of nanostructures is distinctly different, specially, in visible region as shown in Fig.16(b) . The maximum of Re(µ) can reach to be more than 20 at about 550nm for the hollow nanocylinders. It is known that the intensity of effective permeability of nanoparticles is related with the volume subtended by the current loops. For the hollow cylinders, it is obvious that the volume subtended by the current loops is smaller than that for the solid cylinders. So, the amplitude of the effective permeablity for the hollow cylinders is higher than that of the solid cylinders, specially, in the visible region. Thus, the diamagnetic effect of solid cylinders can be significantly suppressed by the design of hollow cylinders, leading to the great enhancement of the effective index. In addition, the spectrum of the resonant frequencies for the hollow cylinders is clearly redshifted compared with that of the solid cylinders. This spectrum change of the effective permeability can be also attributed to the increase of the effective size of hollow cylinders nanoparticles according to the Mie theory.
In order to reveal the physical nature of high refractive index for the hollow cylinders, the spatial distributions of the saturated electric and magnetic field at the fundamental resonant mode and the second order mode are numerically demonstrated in Fig.17 . Figure 17(a) shows the spatial distribution of the saturated electric field at the fundamental resonant mode at the wavelength of 1500nm. Compared with the distribution of the electric field in Fig.17(a) , the intensity is clearly enhanced in the gaps between hollow cylinders for the second order resonant mode at the wavelength of 950nm. The charges can be accumulated at the each edge of the faced nanocylinders, and the dipole moment is generated in gaps, leading to the enhanced electric resonance. Figure 17(c) shows the spatial distribution of the saturated magnetic field at the fundamental resonant mode at the wavelength of 1490nm. Compared with the distribution of the magnetic field in Fig.17(c) , the magnetic field at the second order resonant mode at the wavelength of 940nm can penetrate the whole hollow cylinders along the propagation direction in Fig.17(d) . Thus, the diamagnetic effect of hollow cylinders nanostructure metamaterial can be efficiently suppressed by higher order resonant mode.
VII. CONCLUSION
Based on the principle of achieving high refractive index, the periodic nanostructure of cylindrical unit with high refractive index in the visible light region is designed. This structure is the hexagonal periodic arrangement of single-layer cylinders. The electromagnetic properties of the metamaterial are analyzed on the basis of the coupling of the capacitor to enhance the electrical response and the hexagonal arrangement to reduce the diamagnetic effect. By adjusting the geometric parameters of nanocylinders, such as the gap width, the height of cylinders, the radius of cylinders, and the shape of nanostructure, the effective permittivity and the effective permeability can be flexibly controlled. The peak of the effective index can achieve to be 10.5 at the wavelength of 760nm. It is interesting that the sharp peaks of high refractive index at the higher order resonant modes in the visible region can be obtained. In order to further suppress the diamagnetic response of cylinders, we propose the core-shell structure to achieve a further increase in refractive index. Importantly, in order to realize the broadband high refractive index in visible region, the hollow cylinders nanostructure metamaterial is designed. The maximum of Re(µ) can reach to be more than 20 at about 550nm. Thus, the diamagnetic effect of solid cylinders can be significantly suppressed by the design of hollow cylinders, leading to the great enhancement of the effective index. The maximum of the effective index can reach to be 8.0 at the center frequency range of visible light from 450nm to 550nm. Moreover, The effective refractive index value of the current state of the art is compared with that of the reported structures in Table 1 .
